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ABSTRACT 
 

Neurons in the CNS acquire specific characteristics throughout development and maintain 

them for the entire lifespan. Instructive regulation of the transcription machinery ensures the 

acquisition of identity by spatiotemporal patterns of transcription factor expression. 

Additionally, gene silencing of alternative lineages is important for specification of neuronal 

identity and function, however the mechanisms regulating transcriptional repression are 

poorly understood.  

In this study we focused on epigenetic regulation of gene expression and how perturbation of 

it can lead to loss of function and disease.  

In Paper I we characterized histone modifications on two clinically relevant neuronal 

populations, the dopaminergic and serotonergic neurons implicated in Parkinson’s disease 

and depression respectively. We studied the repressive modifications H3K27me3, H3K9me3 

and active H3K4me3 and associated them with gene expression levels throughout cell 

maturation, from NPCs to adult postmitotic neurons. The generated comprehensive map also 

illustrates how drug induced stress in dopaminergic neurons alters the histone modifications 

pattern affecting gene expression.  

After acquisition of identity, Paper II focuses on how this can be maintained throughout life. 

Removal of H3K27me3 in dopaminergic and serotonergic neurons resulted to erroneous gene 

expression patterns and progressive loss of neuronal function. In dopaminergic neurons 

electrophysiological and molecular properties were perturbed in a region specific manner, 

with SNc being the most vulnerable, phenomenon similar to PD development. Mice showed 

phenotypic impairments with motor symptoms or anxiety-like behavior in cell-type 

dependent manner. 

In Paper III DNA methylation in neuroblastoma tumors was examined as a potential 

therapeutic approach. Hypermethylated loci keep potential tumor suppressors silenced 

leading to cancer formation. Here we showed that combined administration of the 

demethylating AZA with RA that promotes neuronal differentiation exhibited a favorable 

outcome in tumor growth. Further analysis of treated xenografted tumors revealed EPAS1 as 

a potential tumor suppressor, opposite to previously published data assigning the gene as an 

oncogene.    
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1 INTRODUCTION 
1.1 INTRODUCTION TO CHROMATIN AND GENE EXPRESSION 

Multicellular organisms have a remarkable characteristic of creating distinct cell types from 

an essentially invariable genome. This wide variety of gene programs is achieved due to 

cellular signaling events that regulate the activity of cell-type specific DNA-binding 

transcription factors acting as key regulators of gene expression 1. However, additional 

regulation of gene expression through processes affecting chromatin structure and histone 

modification have been identified 2. One prominent example of this is the repression 

associated with Polycomb group (PcG) genes that initially were discovered in Drosophila 

melanogaster as maintenance factors required for proper Hox gene expression and body 

segmentation 3. PcG act antagonistically with Trithorax (TrxG) group components and 

regulate a wide variety of cellular processes, including X chromosome inactivation, genomic 

imprinting, cell cycle control, as well as playing a role in stem cell biology and cancer4. 

 

1.1.1 Nucleosomal Structure 

The main component of chromatin is the nucleosome, consisted of 146bp of DNA, wrapped 

around double copies of four core histones, H2A, H2B, H3 and H4. The N-terminals of 

histones can be modified with acetylation, methylation, phosphorylation, ubiquitination and 

sumoylation. Acetylation creates a structural relaxation to the chromatin by adding negative 

charge, whereas all the other modifications seem to act as a docking site for effector protein 

complexes to be recruited and regulate gene expression.  Histone modifications that are 

related with gene activation, such as trimethylation of Histone H3 at lysine 4 (H3K4me3), 

promote the recruitment of protein complexes with ATP-dependent remodeling activity5. As 

a result, nucleosomes become more mobile, facilitating the relaxation of chromatin and 

accessibility of DNA so that the transcription machinery can initiate gene expression. On the 

contrary, histone modifications that are involved in gene repression, such as trimethylation of 

histone H3 at lysine 9 (H3K9me3) and at lysine 27 (H3K27me3), act as docking sites for 

repressor complexes with methyltransferase activity 6,7 

 

1.1.2 Role of PRC2 in cell fate regulation  

PRC2 is the only known protein complex with methyltransferase activity toward H3K27 and 

is in charge for all the H3K27 methylation in mouse embryonic stem cells (mESCs)8 . The 
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different types of methylation (H3K27me1, me2, me3) are found in different genomic 

distributions. H3K27me1 is found on gene bodies of actively transcribed genes. H3K27me2 

is very abundant, found in 50%-70% of all H3 in a cell and located in intra- or intergenic 

regions preventing false binding of enhancers and promoters 8-10. H3K27me3 is mostly 

detected in regions overlapping with PRC2 components and is considered the hallmark of 

PRC2 mediated transcriptional repression. 

Its catalytic component of the complex resides in the EZH2 subunit, which when on its own 

stays inactive. On the contrary, catalytic activity and in vivo stability is achieved only when 

binding with two other PRC2 subunits, EED and SUZ12 takes place. The fourth component 

of PRC2, RbAp46/48, is also necessary for H3K27 methyltransferase activity11-14. PRC2 

holds a high affinity binding with its own catalytic product, H3K27me3 through the EED 

protein. EED protein can recognize and bind to H3K27me3 creating a positive feedback loop, 

since this interaction stimulates the catalytic activity of the complex7,15. That could also be a 

potential mechanism through which H3K27me3 is spread throughout the genome and ensures 

the propagation of the histone mark on newly synthesized chromatin15  

PcG mutants displayed developmental abnormalities in a range of species. Knockout of Ezh2, 

Eed or Suz12 leads to embryonic lethality in mouse embryos 14,16. Tissue specific knockouts 

of these genes have revealed important roles of PRC2 in coordinating cell fate transitions in 

the development of tissues. Loss of PRC2 impairs the stability of cell identity and impedes 

cell differentiation, thus alterations in PRC2 activity can lead to uncontrolled proliferation of 

dividing cells causing adverse outcomes including cancer 

 

1.2 TOWARDS ACQUISITION OF NEURONAL IDENTITY  

The chromatin structure in pluripotent embryonic stem cells (ESCs) has different features 

compared to the structure in differentiated cells. In ESCs structural proteins have 

hyperdynamic interactions with chromatin17 , and the total transcriptional activity is higher 

than the one in postmitotic cells 18 . This phenomenon could be explained by the high levels 

of chromatin-remodeling factors that maintain the accessibility of the open chromatin status. 

It has been reported that loss of self-renewal capacity in ESCs has been observed upon 

depletion of remodeling proteins Chd1 or BRg1 18,19. 

ESCs are characterized from their ability to differentiate into different cell types. Genes that 

are critically involved in the differentiation process, when they remain silent, they have a 

permissive chromatin that is occupied from both H3K27me3 and H3K4me3 around the 
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transcriptional start sites. This bivalency plays a critical role by maintaining the 

differentiation genes silent in the ESCs, while it keeps them poised for activation upon 

specific developmental pathways 20,21.  

 

 Adapted from Barrero et.al 2010, Cell Stem Cell 

Fig.1: Epigenetic cell fate mapping 

These bivalent domains are also characterized by lack of DNA methylation 22,23 and 

concomitantly by the presence of poised RNA polymerase II at the transcription initiation 

site24. In that way, important regulatory sequences and master transcription factors remain 

accessible and responsive during early stages of development.  

This highly dynamic equilibrium of histone modifications is regulated by histone modifying 

enzymes, the PcG proteins adding the H3K27me3 and the TrxG adding the H3K4me3 marks.  

However, during differentiation, the chromatin dynamics change and the permissive 

chromatin including the bivalent genes is no longer accessible for gene expression 25. Once 

the cells are committed to a certain lineage, genes that are involved in alternative lineages, as 

well as pluripotency genes, should be permanently silenced. As a matter of fact, pluripotency 
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genes lose the active mark H3K4me3 but gain the repressive ones H3K27me3, H3K9e3 and 

DNA methylation, whereas bivalent genes lose the H3K4me3 but retain the H3K27me3 26,27. 

It has been reported that in fetal lung fibroblasts, repression is enhanced by an additional 

layer of the repressive histone modification H3K9me3 or DNA methylation, ensuring 

permanent gene silencing of developmental genes28 (Fig.1).  

During the transition from pluripotency to differentiation the removal of histone marks is 

actively regulated by demethylases. As such, H3K27 demethylases UTX and Jmjd3 

participate in the activation of Hox genes during development 29 and associate with MLL 

complexes that are depositing the H3K4 marks on these loci. However, it is not clear yet why 

there are bivalent domains that remain in this status in differentiated adult cells.  

Additionally, gene repression during differentiation is monitored by the methyltransferase 

G9a that is catalyzing the methylation of H3K9 at regulatory regions of pluripotency genes, 

which eventually leads to binding of heterochromatin protein 1 (HP1) and de novo DNA 

methylation30  

 

1.2.1 Dopaminergic neurons  

Dopaminergic (DA) neurons are responsible for releasing the catecholaminergic 

neurotransmitter, dopamine. They produce tyrosine hydroxylase (TH), the rate limiting 

enzyme in the synthesis of catecholamines and are found throughout the nervous system, 

including the ventral midbrain. Midbrain DA (mDA) are organized in three different nuclei : 

the substantia nigra pars compacta (SNc), the ventral tegmental area (VTA) and the 

retrorubral field (RrF). According to their location, mDA neurons project to distinct areas 

controlling or modulating specific functions31. VTA and RrF DA neurons project to the 

prefrontal cortex and regulate emotional behavior, natural motivation, reward and cognitive 

function and are primarily implicated in a range of psychiatric disorders. On the contrary, DA 

neurons located in the SNc project to the dorsolateral striatum forming the nigrostriatal 

pathway which mainly regulates motor function and degenerates in Parkinson’s disease (PD).  

In rodents, midbrain DA neurogenesis takes place in the ventricular zone of the floorplate 

(FP) when mDA progenitors divide to generate postmitotic neurons at E10.532,33. Several 

different transcription factors are critical for the maintenance of differentiation of mDA, 

notably PITX3 and LMX1B 34-39. Moreover, Engrailed-1 and 2 (EN1,EN2), neurogenin 2 

(NGN2), NURR1 and TGF-b also influence mDA differentiation40-42. Importantly, 
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expression of the dopamine neurotransmitter phenotype is dependent on NURR1 

transcription factor which regulates proteins important for the synthesis of TH and DAT as 

well as receptor related proteins such as vesicular monoamine transporter 2 (VMAT2) and 

RET receptor tyrosine kinase40,43-45.  

The metabolic pathway in the presynapse includes synthesis, degradation, 

compartmentalization, release and reuptake. Dopamine is synthesized from the precursor L-

DOPA produced from the tyrosine provided from the brain capillaries. Synthesized dopamine 

is packed into vesicles through vesicular monoamine transporters (VMAT2). These vesicles 

can be either released into the synaptic cleft or serve as a reserve pool in the presynapse. 

Once released in the synaptic cleft, part of the released neurotransmitter diffuses in the cleft 

and part of it is retrieved by dopamine transporter (DAT) proteins and returned back to the 

presynaptic terminal for recycling. Dopamine is released in the synaptic cleft either by a 

constant, low rate release or through the activated release induced by action potential 

stimulus46  

 

1.2.2 Serotonergic neurons 

A small number of brainstem neurons are specialized to use serotonin (5-HT) as a 

neurotransmitter. Serotonin acts as a neuromodulator, adjusting neuronal excitability 

according to the 5-HT receptors engaged 47,48. It also has long term effects on cell function 

such as trophic effects on growth 49. Although the amount of 5-HT produced in the brain is a 

small percentage of the total body 5-HT synthesis, it has been implicated in a wide range of 

functions from basic homeostatic processes, like thermoregulation and breathing50 to more 

elaborate ones such as mood control51,52, memory53 and reward54, aggressive behavior and 

maternal care55,56.  

Brain 5-HT neurons are located in the hindbrain, organized mainly in clusters along the 

midline, called raphe nuclei. From these nuclei, 5-HT axons radiate broadly to innervate the 

whole central nervous system from the olfactory bulb to the spinal cord57. Together with the 

highly divergent anatomical organization, 5-HT neurons exhibit various molecular and 

physiological identities as well as distinctive neural circuits, explaining their diverse brain 

functions58 . 

It has been shown that 5-HT neurons are among the earliest generated ones, they are 

produced at mid-gestation (embryonic day (E) 9.5-12) in rodents. Newborn neurons have to 
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migrate to their adult raphe locations, develop axonal structures, acquire firing characteristics 

and make connections with neuronal targets59. The maturation of 5-HT neurons in rodents 

starts with the initiation of 5-HT synthesis and continues to at least the third week of life60. 

The 5-HT molecular identity comprises from a defined transcriptome that encodes stably 

expressed terminal effector proteins necessary to build and maintain 5-HT connectivity, 

neurotransmission and synaptic responsivity to environmental stimuli. This transcriptome is 

not unitary for all the subpopulations but they are all characterized by their capacity to 

biosynthetically make 5-HT61. 

 

1.3 MAINTAINING POSTMITOTIC NEURONAL IDENTITY 

What defines a specific neuron subtype is not only the anatomical and electrophysiological 

characteristics they acquire during development but also the well defined gene expression 

patterns that remain stable throughout their life 62,63. Neurotransmitter identities and 

transporters that synthesize, synaptically package and reuptake a certain neurotransmitter 

remain stable in adult neurons for over decades. However, the mechanism that governs this 

stability and maintenance of post-mitotic differentiated traits across the lifespan is poorly 

understood. Our current knowledge of neuronal maintenance has been acquired through 

studies of serotonergic, dopaminergic and noradrenergic neurotransmitter identity 64-68. A 

wide range of studies have shown that removal of individual transcription factors (TFs) after 

the acquisition of transmitter identity led to decreased expression of markers of transmitter 

phenotype in the respective neuron type 69,70. Deletion of Pet-1 or Lmx1b in fetal post-mitotic 

serotonin (5-HT) neurons resulted to severe reduction of all markers of the 5-Ht neuron type 

battery 67,70. In a similar way, targeting Gata-3 in fetal 5-HT neurons showed defects in the 

maintenance of tryptophan hydroxylase 2 (Tph2), aromatic amino acid decarboxylase (Aadc), 

serotonin transporter (Sert) and vesicular monoamine transporter 2 (Vmat2) expression 70. 

Mesencephalic dopamine (DA) neurons of murine fetuses showed severe and progressive 

loss of DA identity and DA transmitter in substantia nigra (SN) and ventral tegmental area 

(VTA) after depletion of the nuclear hormone receptor gene (Nurr1). In early adulthood, 

targeting Nurr1 resulted to similar outcome with transcriptional downregulation of tyrosine 

hydroxylase (TH), dopamine transporter (DAT) and VMAT2 as well as reduction in the 

striatal levels of DA however, the number of mutant cell bodies remained unaffected65. 

Similarly, deletion of Pet-1 or Lmx1b in adult 5-HT neurons results to expression changes in 

Tph2 ,Sert and VMAT2 showing that sustained expression of key identity genes is highly 

dependent on adult TFs. However, expression levels of AADC and Htr1a remain unaffected 
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after adult depletion of Pet-1 indicating that transcription factor requirements might evolve 

with aging and additional factors could replace their activity70 .  

 

 Adapted from Deneris et.al 2014 Nature Neuroscience 

Fig.2: Initiation and Maintenance of neuronal identity 

The continuous expression of terminal selector transcription factors can be explained through 

the autoregulatory concept which holds on the binding of the TF to its own regulatory region 

serving as a “lock in” mechanism. Additionally, maintaining the expression of terminal 

selector genes is achieved due to the dedicated maintenance factors, like the engrailed (En) 

homeodomain paralogs, En1 and En2, factors that are important for the maintenance of 

dopaminergic and serotonergic identity but not for their acquisition 71,72 (Fig.2). Chromatin 

modifications have also been implicated in regulating the activity of transcribed genes as 

shown by the histone H3 methylation at Lysine 4 73, though not sufficiently since TFs are 

continuously required for the activity of those genes 74   

 

1.4 EPIGENETICS IN NEUROBLASTOMA 

Mutated forms of PcG and TrxG proteins have been reported in several human tumors 75, 

suggesting that changes in the respective histone marks affect cancer progression. 

Additionally, cancer cells are often characterized with aberrant DNA methylation on CpG 

islands, silencing cancer related genes, including many tumor suppressors.  

Neuroblastoma is a pediatric cancer of the sympathetic nervous system. It is the most 

frequent solid tumor diagnosed in young children and is characterized by heterogenous 

clinical outcome. It originates from neural crest cells of the sympathoadrenal lineage and can 

form anywhere in the sympathetic nervous system. Due to low mutation rate found in 

neuroblastoma patients, research is focusing on epigenetic regulation of tumor formation, 
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such is DNA methylation76,77. Drugs resulting in hypomethylation have already been 

approved by FDA and EMA for treatment of certain malignancies, therefore interest focuses 

on how they affect NB tumor progression. 5-aza-2´deoxycytidine (AZA) is an analogue of 

cytosine, substituting cytosine in the newly synthesized DNA strand and therefore disturbs 

DNA methylation by DNA methyltransferase (DNMT1)78 . AZA is used as a mediator of 

DNA demethylation aiming to activate tumor suppressors that have been transcriptionally 

silenced. Similarly, HDAC inhibitors have been used synergistically with retinoids resulting 

to favorable outcome in neuroblastoma tumor growth 79. 

The exact mechanism of this phenomenon is not clear yet, however the administration of 

DNA methyltransferase and histone deacetylase (HDAC) inhibitors as a therapeutic way, 

supports the relevance of the epigenome in the malignant formation80  
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2 RESEARCH AIMS 
 

The aim of this study is to investigate the mechanism that governs maintenance of neuronal 

identity throughout lifespan. Apart from the instructive regulation provided by transcription 

factors controlling cell type specific gene expression, there is presumably a need to 

permanently silent alternative transcription programs. However, it still remains unclear how 

permanent repression of aberrant transcription is achieved in mature neurons. A central 

question is whether, once repression has been established, the stable silencing of alternative 

gene programs is dependent on continued presence of instructive factors or can be passively 

sustained through a non-permissive chromatin state characterized by DNA-methylation and 

repressive histone modifications.  

 In this direction, we focused on two well studied and highly clinically relevant neuronal 

populations, raphe nuclei serotonergic neurons and midbrain dopaminergic neurons, 

perturbations in which are related with depression and Parkinson’s disease respectively. 

In Paper I, we analyzed histone modifications related with active or repressed chromatin 

state and identified their chromatin targets in dopaminergic and serotonergic neuronal 

populations.  

In Paper II, we focused on the role of the PRC2- regulated histone marks for the 

maintenance of the lifelong cell identity in dopaminergic and serotonergic neurons.   

In Paper III, we investigated the response and growth of high-risk neuroblastoma tumors 

after treatment with epigenome targeting drugs. 
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3 RESULTS 
 

3.1 PAPER I  

“A comprehensive map coupling histone modifications with gene regulation in adult 

dopaminergic and serotonergic neurons.” 

Post transcriptional modifications play an important role in cell fate determination during 

neuronal differentiation and also during the entire lifespan of the neuron. However, technical 

challenges didn’t allow until that time, characterization of histone modifications further than 

in vitro cultures where millions of cells were necessary for ChIP experiments. In this study 

we implemented a method that allowed us to perform ChIP-sequencing experiments in as few 

as 1000 cells per reaction, enabling us to characterize sparse neuronal populations such are 

the dopaminergic and serotonergic neurons of the mouse brain. Combined with RNA seq 

experiments, we associated the repressive (H3K27me3, H3K9me3) or permissive 

(H3K4me3) histone modifications with gene expression levels in neuronal progenitors 

(NPCs), midbrain dopaminergic neurons (mDA) or serotonergic neurons (SER). 

Isolation of postmitotic neuronal nuclei was performed through FACS based on a fluorescent 

reporter mCherry  that was exclusively expressed in the populations of interest. NPCs were 

SOX2 positive progenitors, isolated with the use of fluorophore tagged antibody. After 

validating the purity (96,6%) of the sorted population with single cell sequencing, genes were 

assigned a chromatin state having exclusively either one of the analyzed histone 

modifications a combination of them, or none, enabling 8 potential chromatin states of the 

genes. Chromatin states were associated with different levels of gene expression and 

correlated well with repressive or permissive chromatin states .  

During mDA development, chromatin states were reflecting the transition from NPCs to 

postmitotic neurons with genes gaining H3K4me3 when expressed in mDA and conversely, 

gaining H3K27me3 and/or H3K9me3 when they were repressed during differentiation. 

Interestingly, genes already decorated with broad H3K27me3 in NPCs were downregulated 

in mDA and gained additional repressive mark of H3K9me3. Moreover, downregulated 

genes transitioning from K4>K4 showed decreased enrichment of the H3K4me3 mark, 

contrary to the promoter of upregulated genes. Interestingly, silent developmental genes upon 

differentiation remained silent and acquired H3K9me3 acting as an additional layer of 

repressive chromatin state. 
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In a similar way transition from NPCs to SER neurons was characterized by the deposition of 

the chromatin marks in a cell type specific manner, highlighting the fact that transcription 

factors important for neuron subtype specification had a layer of repressive histone 

modifications as a safeguarding mechanism against erroneous activation. Bivalent genes in 

NPCs were selectively derepressed during differentiation and de novo bivalent marks 

occurred in postmitotic neurons in correlation with cell type specific gene expression. 

To investigate how chromatin modifications corelate with cell plasticity and environmental 

stress, we examined the patterns of repressive and permissive histone modifications under 

drug induced stress. After administration of 6 OHDA in the mouse brain, a neurodegenerative 

stress induction specifically targeting dopaminergic neurons we observed derepression of 

genes. Half of those genes were decorated with H3K27me3 and/or H3K9me3, belonging to 

apoptotic pathways GO terms. More specifically K4/K27 bivalent genes were the most 

enriched state of upregulated genes.  

Similarly, after exposure to the recreational drug methamphetamine, we observed 

derepression of genes in mDA belonging to bivalent state. In the contrary, bivalent genes in 

SER neurons did not show any gene expression change.   

 

3.2 PAPER II 

“PRC2-mediated repression is essential to maintain identity and function of 
differentiated dopaminergic and serotonergic neurons” 

After acquisition of cell type specific  characteristics, neurons need to maintain their identity 

over the entire lifespan. Transcription machinery must instructively express cell specific 

genes and at the same time keep the alternative lineages silent. The mechanisms regulating 

gene silencing are poorly understood though. In this study we aimed to elucidate the role of 

PRC2 mediated repression in the maintenance of neuronal identity over lifetime. For that 

reason we utilized the methodology of our previous study on the two clinically relevant 

neuronal populations, the dopaminergic and serotonergic neurons.  

We conditionally deleted Eed, one of the core components of PRC2, in Slc6a3 (DAT) 

expressing neurons at the embryonic day 13.5, resulting to Eed ablation in dopaminergic 

neurons at the day of birth (P0). Interestingly, it was only 30 days after birth that there was a 

significant reduction of H3K27me3 in these neurons as IHC experiments revealed, 

highlighting the necessity of PRC2 for the long term presence of the histone mark.   
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The loss of EED in mDA neurons had a progressive effect in the gene expression level of its 

target genes. In four months old mutant mice, there was a 75% reduction of K27 positive 

genes, that peaked in 8 months old mice where there was no K27 positive gene. Among the 

upregulated genes, there were early developmental and pattern specification genes 

accompanied by increased levels of H3K4me3 mark. Interestingly, key regulating 

dopaminergic genes were significantly downregulated in the 8 months mice.  

Along with the gene expression changes, reduced TH immunoreactivity and dopamine 

metabolites were observed in the midbrain and striatum of 8 months mutants, without any 

cell loss as revealed by cell quantification in the midbrain tissue. All the above, would 

indicate that neuronal function could have been perturbed in these mice, which was validated 

with altered electrophysiological properties and mouse behavioral deficits. 

Additionally, loss of PRC2 in serotonergic neurons had a tremendous effect in the key 

features of the population. Lack of H3K27me3 resulted to a progressive effect on serotonin 

specific gene expression and function. Mice at 8 months of age, exhibited downregulation of 

serotonergic gene battery, reduction in the levels of serotonin in the raphae and PFC as well 

as anxiety behaviour. Of note, histone modification analysis of differentially expressed genes 

showed that among the derepressed genes the K9/K27 chromatin state was the most 

frequently represented in both serotonergic and dopaminergic populations.   

Histological analyses of the dopaminergic neurons indicated that the effect of PRC2 ablation 

was population dependent. We then generated single nuclei RNA seq data from 8 months 

mDA neurons and their analysis showed that the nuclei originating from the SNc were the 

ones with most differentially expressed genes. Early developmental genes, like Hoxd were 

upregulated and the biggest fold decrease in mDA signature genes (Th, Slc6a3,En1,Nr4a2) 

was observed in the SNc cluster. 

 

3.3 PAPER III 

“Combined epigenetic and differentiation-based treatment inhibits neuroblastoma 
tumor growth and links HIF2a to tumor suppression.”  

One feature of high risk neuroblastoma is the increased levels of DNA methylation in the 

promoter regions of potential tumor suppressors. High risk tumors are characterized by 

MYCN amplification and loss of heterozygosity in the 1p36 locus . Treatment therapies 

include administration of retinoids for induction of neuronal differentiation. However, many 
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of the high-risk NBs do not respond to such treatment and alternative approaches need to be 

adopted. In this study we wanted to understand how a combination of the DNA 

demethylating agent 5-Aza-deoxycytidine (AZA) with retinoic acid (RA) would impact 

tumor growth in NBs where RA only was not effective.  

In vitro culture of NB cell lines (1p36-) treated with combination of AZA and RA, showed 

decreased proliferation and induction of neuronal differentiation. The results were validated 

in vivo, as tumor cells were xenografted in immunodeficient nude mice and treated with 

AZA+RA, resulting to reduction of tumor growth. NB cells were injected at day 0 (D0) and 

treatment started either at D0 or at D8 showing delayed tumor growth in both cases. Even 

after termination of treatment (D22), tumor growth was twice slower as without treatment, 

until they reached the experimental endpoint.  

RNA sequencing and methylation analysis of endpoint xenografted tumors showed a 

significant effect on gene expression, but no correlation between the upregulated genes and 

the unmethylated promoters. We therefore sought to examine earlier timepoints, at which 

treatment started having effect. With treatment starting at D8, we harvested the tumors at D14 

and analysis of the DEGs revealed hypoxia related genes among the upregulated ones. 

EPAS1 (encoding the HIF2a protein) was upregulated at D14, however this effect could have 

been as a result of tumor growth and hypoxic conditions created within the tumor. In vitro 

experiments though, revealed that elevated levels of EPAS1 was an actual response of the 

AZA+RA treatment.    

Interestingly, the promoter of EPAS1 showed a significant yet minor demethylation status 

that could hardly explain the gene upregulation. Additional xenografts with the usage of 

HIF2a inhibitor, validated the role of EPAS1 as tumor supressor in NB tumors.  

In NB tumors from patients, there was a strong correlation between increased levels of 

EPAS1 and favorable outcome of the patients further supporting our data suggesting that 

HIF2a may act as a tumor suppressor in NB. 
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4 DISCUSSION 
 

During development and lineage specification, neuronal cells activate and regulate certain 

genetic patterns. An additional layer of this patterning derives from epigenetics and how 

chromatin modifications can affect transcriptional programs. 

In this study we focused on how the epigenetic landscape, safeguards specific gene 

expression batteries and how alteration of it, can lead to cellular dysfunction and disease. 

We investigated how aberrant gene silencing caused by hypermethylated gene promoters is 

linked with tumor formation and how targeting such feature can be crucial for better 

prognosis. Hitherto, EPAS1 has been considered as an oncogene in neuroblastoma formation. 

Our data navigate EPAS1 towards the opposite direction, as a tumor suppressor. Use of the 

already FDA approved demethylating drug AZA, results to better survival in xenografted 

tumors. However, since the link between DNA demethylation and HIF2a as a tumor 

suppressor is not clear yet, further research should be done on how surveillance of gene 

silencing could be a clinical target for neuroblastoma treatment.  

More extensively in this piece of work, we studied postmitotic neurons of the CNS, the 

dopaminergic and serotonergic neurons and how histone modifications contribute to the 

acquisition of their identity during development and maintenance of it throughout adulthood. 

Initially, we implemented a protocol that, for the time being, was the only that could allow 

ChIP sequencing from a low number of cells. Combining the ChIPseq with RNA seq we 

were able to associate developmental stages with chromatin states. NPCs were differentiated 

to postmitotic dopaminergic or serotonergic neurons in accordance with specific chromatin 

patterns. Differentially expressed genes between the three different cell types primarily 

belonged to the K4 state indicating a major role of the transcription factors combined with 

other posttranslational modifications, rather than the repressive histones K27 and K9. 

Distribution of K27 around the TSS was depending on whether the modification was alone or 

combined with K4 or K9. Early developmental genes that were silenced in NPCs, acquired an 

additional layer of repression with K9 ensuring that silence will be maintained. The bivalent 

state K4/K27 was the most frequent combination containing the K27 mark in our cell types. 

During transition from NPC to differentiated state, bivalency was resolved to K4 accordingly. 

As a matter of fact, when mDA neurons got stressed pharmacologically, bivalent genes were 

upregulated and genes containing the additional repressive layer of K9 did not show 

increased expression.  
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To further understand how bivalency and PRC2 contribute to cell type specification and 

survival, we investigated the role of PRC2 further. 

PRC2 has been shown to regulate neurogenesis in the neocortex81,82 however, its role in 

postmitotic neurons is yet unknown. Previous studies have shown that PRC2 in MSNs and 

Purkinje cells is necessary for silencing of death promoting genes, responsible for 

neurodegeneration83 . Ablation of H3K27me3 by targeting the methyltransferases Ezh1 and 

Ezh2 resulted in progressive neuronal atrophy and cell death in those neurons. That was the 

first study shedding light in the field, with further researchers focusing on PRC2 complex in 

different neuronal populations. Depletion of the methyltransferase Ezh2 from the Polycomb 

complex in Pitx3 expressing mDA neurons resulting in progressive loss of VTA 

dopaminergic neurons. However, due to methyltransferase activity of Ezh1, the levels of 

H3K27me3 were not affected in the mDA neurons, hence the observed cell death might have 

been uncoupled from the canonical PRC2 activity84.  

In our study we targeted PRC2 activity by removing EED, the component that is responsible 

for assembling the complex, in dopaminergic and serotonergic neurons. We observed a 

progressive loss of H3K27me3 accompanied by gene expression changes 8 months after 

removal of the modification. Upregulation of PRC2 repressed developmental genes was 

observed, as well as downregulation of key identity genes resulting to malfunction of those 

neurons. Interestingly, no cell death was noted even in later timepoints as of 16 months of 

age. The “cell death” promoting genes as previously described 83 were indeed upregulated, 

however that didn’t lead to similar outcome and cell number was not altered. Cell type 

specific effects or experimental approaches could be responsible for such discrepancies 

between studies, however it is undoubtful that PRC2 function is necessary for maintenance of 

identity and/or survival of postmitotic neurons. Further experimental evidence though are 

necessary to highlight the function of this mechanism, focusing either on the origin and 

characteristics of derepressed genes, transcriptional dynamics and neuronal characteristics 

that makes them less or more vulnerable to such perturbations. 
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